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Abstract It is well known that snow avalanches exhibit granulation phenomena, i.e., the formation of
large and apparently stable snow granules during the ﬂow. The size distribution of the granules has an
inﬂuence on ﬂow behavior which, in turn, aﬀects runout distances and avalanche velocities. The underlying
mechanisms of granule formation are notoriously diﬃcult to investigate within large-scale ﬁeld
experiments, due to limitations in the scope for measuring temperatures, velocities, and size distributions.
To address this issue we present experiments with a concrete tumbler, which provide an appropriate means
to investigate granule formation of snow. In a set of experiments at constant rotation velocity with varying
temperatures and water content, we demonstrate that temperature has a major impact on the formation
of granules. The experiments showed that granules only formed when the snow temperature exceeded
−1∘C. No evolution in the granule size was observed at colder temperatures. Depending on the conditions,
diﬀerent granulation regimes are obtained, which are qualitatively classiﬁed according to their persistence
and size distribution. The potential of granulation of snow in a tumbler is further demonstrated by showing
that generic features of the experiments can be reproduced by cohesive discrete element simulations.
The proposed discrete element model mimics the competition between cohesive forces, which promote
aggregation, and impact forces, which induce fragmentation, and supports the interpretation of the
granule regime classiﬁcation obtained from the tumbler experiments. Generalizations, implications for ﬂow
dynamics, and experimental and model limitations as well as suggestions for future work are discussed.
1. Introduction
Snow avalanches exhibit diﬀerent ﬂow behavior, such as a sheared and ﬂuid-like layer, a plug ﬂow, or a dilute
suspended powder cloud [Gauer et al., 2008]. Even diﬀerent ﬂow regimes can coexist at the same time at
diﬀerent locations inside an avalanche [Sovilla et al., 2008]. The ﬂowing dense core of an avalanche is often
approximated as a granular ﬂow [Roche et al., 2011], sometimes even without taking cohesion into account
[e.g., Faug et al., 2009]. A comprehensive understanding of the conditions that deﬁne the particle properties
and size distribution and the consequent inﬂuence on ﬂow dynamics of avalanches are still lacking.
Recent studies have shown that the properties of the snow entrained by an avalanche during its down-
ward motion, especially snow temperature, signiﬁcantly aﬀect ﬂow dynamics [Naaim et al., 2013; Steinkogler
et al., 2014a; Sovilla and Bartelt, 2002], mostly by changing the granular structure of the ﬂow. An improved
understanding of the driving factors causing the evolution of granule size distributions could help to better
understand the hypermobility often observed in landslides and avalanches [Pudasaini andMiller, 2013] aswell
as the dynamics of powder snow avalanches [Rastello and Hopﬁnger, 2004].
The relation between particle size distribution and mobility of a granular ﬂow, i.e., velocity and runout, has
been emphasized in multiple studies on monodisperse and bidisperse materials [Moro et al., 2010; GDRMiDi,
2004]. Investigations on particle sizes in avalanche deposits (Figure 1) were conducted [Bartelt and McArdell,
2009;DeBiagi et al., 2012] by collecting particles in the deposition zone of full-scale avalanches. These studies
could show that wet avalanches tend to produce larger granules than dry avalanches [Bartelt and McArdell,
2009; Kobayashi et al., 2000]. However, a link between diﬀerent degrees of particle cohesion and emerging
particle size distributions has never been quantiﬁed.
Quite generally, the dynamics of particle size distributions in cohesive ﬂowsmust be understood as a compe-
tition between aggregation and fragmentation phenomena. Due to the cohesive nature of snow, pieces can
aggregate upon collision and stick together to form larger units from smaller ones. Due to the impact energies
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Figure 1. Granular structures in the deposition zone of an artiﬁcially released avalanche.
in a collision, pieces can also break apart and fragment into smaller ones. The competition of both processes
is the origin of granulation phenomena in snow, which was so far only investigated by Nohguchi et al. [1997].
In the following, we refer to granulation as comprising both aggregation and fragmentation in contrast to
Walker [2007] where the term was reserved for aggregation and enlargement of particle sizes only.
Due to the diﬃculties of investigating these issues within a full-scale ﬁeld campaign, experiments on snow
dynamics are mainly carried out in the laboratory. Most laboratory experiments are however conducted with
artiﬁcial grains, e.g., glass ballotini [Schaefer and Bugnion, 2013], which do not take interparticle cohesion
into account. Studies on wet (i.e., cohesive) granular media [Tegzes et al., 2003; Donahue et al., 2010] have
demonstrated the impact of interstitial liquid content on the dynamic ﬂow behavior. These ﬁndings are par-
ticularly relevant for snow avalancheswhere the properties and distributions of the granules are fundamental
parameters inﬂuencing the ﬂow.
An interesting experimental approach to granulation of snow is suggested by industrial applications where
rotating drums are used for granulation in pharmacy [Vervaet andRemon, 2005; KristensenandSchaefer, 1987],
ceramics processing [Reed, 1995], mineral processing, and fertilizer production. In these disciplines, exten-
sive research on granulation processes [Pietsch, 2003] and the characterization of granule properties and size
distributions has been carried out in the last decades [Ennis et al., 1991; Ouchiyama and Tanaka, 1975]. As an
appealing sideeﬀect, granular ﬂow in rotatingdrumscanbewell investigatedby theDiscrete ElementMethod
(DEM) [Cundall andStrack, 1979]. ADEMapproachallows tomodel the kinematics of a cohesivepowder explic-
itly and predict, e.g., mixing properties in rotating drums [Sarkar and Wassgren, 2009, 2010; Chaudhuri et al.,
2006]. Numerical simulationsbasedonDEMwere alsoused recently tomodel thedense ﬂowof cohesivegran-
ular materials by Rognon et al. [2008a], who studied the eﬀect of cohesion on the ﬂow mobility and showed
that a plug region could develop if the cohesion is high enough. To our knowledge, the combination of rotat-
ing drum experiments and DEM modeling has never been used to address aggregation and fragmentation
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Figure 2. Granules in motion in rotating tumbler. One of the (two) mixing blades can be seen at the lower left corner.
properties of snow for avalanche applications. It is the aim of the present paper to present a ﬁrst attempt in
this direction to demonstrate the potential of such a combined approach.
The paper is organized as follows. We characterize relevant snow cover parameters and parameter thresholds
that control the size andproperties of granules for diﬀerent types of snow that formed in a rotating tumbler by
ways of laboratory experiments (section 2.1) and numerical simulations (section 2.2). We then compare those
results to measurements in the deposition of real-scale avalanches and suggest a diagram of the granulation
regimes (section3).Wediscuss our results in viewof the commonlyused terminologyof granulationprocesses
[Iveson et al., 2001]. The paper discusses applications of the results and future avenues of research (section 4).
2. Methods
2.1. Experimental Setting
To investigate the granulation potential of diﬀerent snow types, a standard, unmodiﬁed concrete tumbler
(Figure 2) was used. The tumblermeasures 0.6m at the largest diameter and held 0.4m3 of snow. The tumbler
has two blades acting as mixing elements (Figure 2) and rotated with constant velocity at 0.5 rps.
All experiments were conducted in an open-door but roofed laboratory that granted easy and direct access
to natural and undisturbed snow, under varying environmental conditions, i.e., diﬀerent air temperatures and
sunny or cloudy skies. A total of 23 experiments with varying initial snow types were conducted and resulted
in measurements at 97 time steps. Snow of diﬀerent types (e.g., new snow particles or melt forms) with dif-
ferent properties (e.g., temperature or density) was used for the experiments. To assess the initial conditions
of the investigated snow (temperature, density, grain shape, grain size, moisture content, and hardness) a
regular snow proﬁle following the guidelines of Fierz et al. [2009] was conducted before every experiment.
Consequently, snow layers with similar properties were collected and a deﬁned volume (0.1m3) was shoveled
into the tumbler.
After deﬁning the initial conditions of the added snow, the tumbler was started. Mellmann [2001] identiﬁed
diﬀerent ﬂow regimes in rotating drums depending on the Froude number
Fr = 𝜔
2R
g
. (1)
According to that analysis, our experiments should fall into the cascading regime (Fr = 0.275) for cohesionless
particles, where the particles are transported upward through solid body rotation, with a downward surface
ﬂow of the particles (Figure 3a). However, the presence of the blades and of cohesion forced the regime into
a cataracting motion, i.e., individual particles detach from the bed and were thrown oﬀ into the free space of
the tumbler (Figures 2 and 3b).
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Figure 3. (a) Cascading and (b) cataracting regimes for a cohesionless granular material. These regimes mainly depend
on the Froude number, particles, wall friction, and the ﬁlling degree for a cohesionless granular material (according to
Mellmann [2001]).
The tumbler was stopped at regular intervals, typically every 5 min which corresponds to 150 rotations, and
the properties of the snow or the formed granules weremeasured. Again, the same procedures andmeasure-
ment devices as for standard snow proﬁles [Fierz et al., 2009] were used. Snow temperature was measured
with a digital thermometer to an accuracy of 0.1∘C. Snow densities of the granules or ﬁne material in the
tumbler were measured with a 100 cm3 snow shovel and a digital scale. If the granules were too small and
no sample could be taken with the density shovel, their diameter was measured and they were weighed.
This was repeated for multiple granules and an average mass of sample granules was taken. Also, the liquid
water content was measured following the guidelines of Fierz et al. [2009] by using an 8X magniﬁcation
glass and squeezing the snow by hand. Grain shape and size were identiﬁed by using a crystal card and a
magnifying glass.
Additionally, the experiments were ﬁlmed with normal and high-speed cameras (videos are provided as
Movies S1–S8 in the supporting information). The videos reveal the motion of snow inside the tumbler and
the interaction of snow and granules during collisions among themselves and with the tumbler.
We deﬁned the initiation of granulation as soon as the snow started to form small snow balls, with a size of
approximately 1 cm. If they were not hard enough to sustain collisions among themselves or were destroyed
upon touching, they were deﬁned as nonpersistent granules (Figure 4a). On the other hand, hard granules
were classiﬁed as persistent. Furthermore, we distinguished between persistent-moist granules (Figure 4b),
according to snow class dry ormoist in Fierz et al. [2009], and persistent-wet granules (Figure 4c), according to
wet, very wet, or soaked snow [Fierz et al., 2009]. The experiments were continued and suspended in regular
intervals until the formation of new granules could be observed. Experiments were stopped either if no gran-
ules formed after an extensive time, i.e., more than 100min, or if the system reached a stationary state where
no further changes in the measurement variables could be observed.
Measurements of the size distribution is an elaborate task in the ﬁeld [Bartelt and McArdell, 2009] and in the
tumbler. For our experiments we restrict ourselves to cases where granulation was visually observed and
Figure 4. Snow inside tumbler for diﬀerent experiments where (a) no persistent granules formed, (b) persistent-moist granules formed, and (c) persistent-wet
granules formed.
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Figure 5. Small example set of diﬀerent granule sizes.
characterized the full size distribution at the end of the experiment by carefully emptying the tumbler and
manually evaluating the particle sizes (Figure 5).
2.2. Discrete Element Modeling
2.2.1. Motivation and Objectives
The key ingredient of granulation processes is the competition between aggregation and fragmentation of
the constituents upon collisions in the ﬂow. Aggregation and fragmentation rates thereby depend on the
kinematics of the ﬂow via collision frequencies, the mechanical properties of the particles, and particularities
of the container.
Probably, the oldest approach to aggregation-fragmentation phenomena was originally suggested by Von
Smoluchowski [1917] in the context of gelation phenomena. The model considers an evolution equation for
the size distribution by providing average collision rates and size-dependent probabilities for subsequent
aggregation or fragmentation events. These type of models are commonly referred to as population balance
models (PBM). They must be regarded as a mean ﬁeld description since expression for collision rates neither
take into account spatial heterogeneities of the ﬂow nor geometrical particularities of the container.
On theother hand, ﬂowof granularmaterials canbe conveniently studiedwithin discrete element simulations
to correctly capture the kinematics of the particles and spatial characteristics of forces and displacements.
Thereby, collisions are taken into account explicitly and, depending on the physical insight of the aggregation
and fragmentation processes, particle size distributions can be predicted including particularities of the con-
tainer, such as blades in a tumbler. It is the connection of DEM and PBM [Barrasso and Ramachandran, 2014]
which ultimately allows to upscale the processes for practical applications. DEM can be regarded as a micro-
scopic method to predict the relevant parameters in the PBMmodels, which has been shown in Reinhold and
Briesen [2012].
As a ﬁrst step in this direction, we start from a cohesive granular system using the DEM by explicitly taking
into account the container geometry to address the snow granulation process in a tumbler. In the DEM, a dis-
crete element represents a “snow unit” with a size of a few millimeters. This should not be confused with a
“snow grain” in the sense of Fierz et al. [2009], which are commonly an order of magnitude smaller. A DEM
approach to tumbler experiments would require to prescribe conditions for aggregation and fragmentation
of these snowunits under binary collisions subject to experimental conditions of temperature andwater con-
tent. A generic physical picture of these mechanical processes is almost nonexistent. We therefore start from
common mechanical criteria and formulate the model in terms of aggregation and fragmentation parame-
ters. Our choice for the parameters and the hypothesized connection to the experimental conditions will be
discussed at the end.
2.2.2. Formulation of the Model
The discrete element simulations were performed using the commercial software PFC2D (by Itasca) which
implements the original soft-contact algorithm described in Cundall and Strack [1979]. To capture the essen-
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Figure 6. Schematic of the used contact law. The interpenetration distance between grain i and grain j is denoted 𝛿ij .
The normal and tangential stiﬀnesses are denoted kn and ks, respectively, gn is the viscous damping coeﬃcient, and 𝜇
the friction coeﬃcient. The tensile and shear strengths of the bond are denoted 𝜎t and 𝜎s.
tial details of snow granulation we carried out two-dimensional simulations of a cohesive granular material,
taking into account the tumbler geometry (Figure 2). The simulated system consists of a two-dimensional
outer cylinder of radius R = 0.3 m and blades of length lb = 0.35R. This conﬁguration corresponds to the
experimental setup. The granular samples are composed of about 8000 circular particles of average diameter
d = 4.5 mm (thus, R∕d ∼ 67), with a grain size distribution polydispersity of ±30 % (diameters ranging from
3 to 6 mm), and a particle density 𝜌p = 300 kg/m3.
The loading is applied by gravity and rotation of the walls (cylinder and blades). The simulations were per-
formed in the same conditions as the experiments so as to keep the same Froude number which is equal to
Fr = 0.3 in our case (𝜔 = 3 rad s−1 and g = 9.81 m s−2). As stated before, this Froude number would cor-
respond to a cascading regime with a cohesionless granular material (Figure 3a) [Mellmann, 2001]. However,
the presence of the blades and of interparticle-particle cohesion will considerably modify and force the ﬂow
regime from the cascading to the cataracting regime (Figure 3b).
The interparticle contact laws used in the simulations are classical [Radjai et al., 2011; Gaume et al., 2011]. The
normal force is the sum of a linear elastic and of a viscous contribution (spring-dashpotmodel), and the shear
force is linear elastic with a Coulombian friction threshold (right part in Figure 6).
The corresponding mechanical parameters are summarized in Table 1. The value of the normal stiﬀness kn
was chosen in a way that the normal interpenetrations 𝛿 at contacts are kept small, 𝛿∕d < 10−3, i.e., to work in
the quasi-rigid grain limit [daCruz et al., 2005; RouxandCombe, 2002]. Concerning the normal restitution coef-
ﬁcient e (which is directly linked to the normal viscous damping coeﬃcient gn), we checked that the results
presented below, and more generally all the macroscopic mechanical quantities obtained from the simula-
tions, are actually independent of this parameter (in the range 0.1 to 0.9), in agreement with previous studies
[da Cruz et al., 2005; Gaume et al., 2011; Gaume et al., 2015b].
Cohesion was added to the particles by adding a bond to each contact. This bond has speciﬁed shear and
tensile strengths Fs
f
and Ft
f
, respectively (the subscript f stands for fragmentation). If the magnitude of the
tensile normal contact force equals or exceeds the contact bond tensile strength, the bond breaks, and both
the normal and shear contact forces are set to zero. If the magnitude of the shear contact force equals or
Table 1. Mechanical Parameters Used in the Simulationsa
kn∕P kn/ks 𝜇 e 𝜌p 𝜎t 𝜎t/𝜎s Fa∕Ftf
1.103 2 0.5 0.1 300 kg m−3 0–5 kPa 2 0–20
akn: normal contact stiﬀness; P: average pressure; ks: tangential contact stiﬀness; 𝜇:
intergranular friction; e: normal restitution coeﬃcient; 𝜌p: particle density; 𝜎t : contact
bond tensile strength; 𝜎s: contact bond shear strength; Fa: bond formation force, and F
t
f
:
bond tensile strength (force).
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exceeds the contact bond shear strength, the bond breaks, but the contact forces are not altered, provided
that the shear force does not exceed the friction limit and provided that the normal force is compressive.
At the beginning of the simulation, the cohesion is applied to the whole sample. However, during the experi-
ment, somebondsmay break but newbondsmay also be created at new contact points. The concept of bond
formation between particles and its implementation in DEM is still open [Kroupa et al., 2012]. Hence, many
diﬀerent bonding models currently exist and we have chosen the following simple bond formation criterion
that allows us to study the competing eﬀects of fragmentation and aggregation of bonds:
√
N2ij + S
2
ij > Fa (2)
where Fa is the bond formation force (the subscript a stands for aggregation), Nij and Sij the normal and
shear forces at the contact, respectively. A similar model was already implemented in Brown [2013], Patwa
et al. [2014], and Boltachev et al. [2014] with a creation criterion based on the exceedance of a critical
interpenetration distance. This criterion is equivalent to our force criterion as the force is a linear function
of interpenetration. Furthermore, Siiriä et al. [2011] also used the same force threshold criterion for bond
formation to study powder tableting.
The contact law which is used in the model is summarized schematically in Figure 6 in which the viscoelastic
part is on the right side and the cohesive (plastic) part on the left side, and the ranges of the used parameters
are shown in Table 1.
Diﬀerent models of cohesive interaction could also have been used such as the cohesive potential model of
Rognon et al. [2008b] (attractive force for short interpenetrations between the grains followed by repulsive
force for higher interpenetrations). However, due to the complexity of snow, it would have been diﬃcult, in
practice, to link the parameters of thismodel to snowproperties. Ourmodel is simpler and alsomore straight-
forward to apply to snow. Its model parameters, namely, the tensile strength [Hagenmüller et al., 2014; Sigrist,
2006] and the bond formation force [Podolskiy et al., 2014; Szabo and Schneebeli, 2007], can be evaluated from
laboratory experiments.
2.2.3. Dimensional Analysis
Snow is amaterial generally characterized in terms of stresses rather than forces. Hence, the tensile and shear
strengths Ft
f
and Fs
f
(forces) are scaled by the bond surface to obtain the tensile and shear strengths 𝜎t and
𝜎s (stresses):
𝜎t =
4 Ft
f
𝜋 d2
and 𝜎s =
4 Fs
f
𝜋 d2
(3)
Realistic values of the tensile and shear strengths for cohesive snow can be found in the literature [Mellor,
1974; Jamieson and Johnston, 1990, 2001; Gaume et al., 2012, 2015a] and belong to the range 0–5 kPa.
Furthermore, following Rognon et al. [2008b], diﬀerent dimensionless numbers are used to quantify the inten-
sity of the interparticle strength. These numbers compare the contact bond tensile strength Ft
f
and the
bond formation force Fa to two typical forces of the system. The ﬁrst number 𝜂f (fragmentation number)
characterizes the fragmentation potential of a bond after a collision due to the cataracting regime of
the tumbler:
𝜂f =
√
mpkn⟨v⟩
Ft
f
, (4)
wheremp is the particle mass and ⟨v⟩ = ⟨Rp⟩𝜔 the average particle velocity (⟨Rp⟩ is the average particle radial
position). The fragmentation number thus compares Ft
f
to the impact force of an elastic body. This number is
nevertheless diﬀerent from that used in Rognon et al. [2008b] for a gravitational shear ﬂow which compares
Ft
f
to the gravitational forcemg. In our case, themain source of granule breakage are granule collisions, so our
fragmentation number was modiﬁed accordingly.
The second number 𝜂a (aggregation number) characterizes the potential of formation of a new bond inside
a granular assembly submitted to a pressure P
𝜂a =
Pd2
Fa
. (5)
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Figure 7. Snow density measurements (bulk density from 100 cm3 shovel) for all individual experiments (gray lines) and
time of each measurement (gray and colored markers) for persistent-moist (colored squares) and persistent-wet (colored
triangles) granules.
This number compares Fa to the average normal force Pd
2 due to pressure. According to this deﬁnition and
to Rognon et al. [2008b], a transition between diﬀerent cohesive ﬂow regimes should depend on these two
numbers 𝜂f and 𝜂a and should occur for values close to unity. In our study, F
t
f
was varied between 0 and 0.05 N
and Fa between 0 and 1 N. The collisional force is equal to
√
mpknv ≈ 0.023 N (⟨Rp⟩ ≈ 0.2) and the average
pressure force is equal to Pd2 ≈ 0.018 N by taking P = 𝜌gR, the hydrostatic pressure at the bottom of the
tumbler. The fragmentation number 𝜂f typically varies in the range 0.5–4.5 and the aggregation number 𝜂a
in the range 0.01–10.
2.2.4. Simulation Procedure and Granule Deﬁnition
Simulations were performed for 6 diﬀerent values of Ft
f
and 15 of Fa (and thus diﬀerent values of 𝜂f and 𝜂a) for
a total of 90 simulations. At the beginning of each simulation, cohesion is applied to the whole sample so it
forms a single large block similar to a cohesive slab in the release zone of an avalanche. The simulations were
stopped after 30 revolutions, corresponding to an apparent steady state (almost constant size distribution).
At eachquarter revolution, thegranules are identiﬁedas a cluster of particles linkedby cohesivebonds and the
size of these diﬀerent clusters was computed. The procedure of cluster identiﬁcation is provided as support-
ing information. As the granules may not be perfectly circular, the maximum transverse length was retained,
similar to what was measured experimentally. Hence, for each simulation, the complete granules size distri-
bution was available as a function of time. In addition to the granules size, the average number of cohesive
bonds per granule was computed.
3. Results
In this section we discuss the measured snow cover parameters and their temporal evolution during the
experiments and identify the most relevant parameters for the granulation process (section 3.1). Depend-
ing on the persistence of the formed granules, all conducted experiments are assigned to three granulation
classes. This classiﬁcation also provides the basis for the DEM simulations which supplement the measure-
ments (section 3.2). We summarize the main results of experiments and modeling in Figure 15 and ﬁnally
present a combined view of experimental, modeled, and real-scale avalanche size distributions (section 3.3).
3.1. Evolution of Snow Parameters
The followinggraphs (Figures 7 to 12) display all individual experiments (gray lines), the timeof eachmeasure-
ment (gray and coloredmarkers), andwhether nonpersistent (gray circles), persistent-moist (colored squares),
or persistent-wet (colored triangles) granules were recorded.
Most experiments were initialized with a snow density between 200 and 350 kg m−3 (Figure 7). Densities of
persistent granules reached similar values as observed in the deposition of real-scale avalanches (400 kgm−3).
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Figure 8. Snow temperature measurements for all individual experiments (gray lines) and time of each measurement
(gray and colored markers) for persistent-moist (colored squares) and persistent-wet (colored triangles) granules.
Densities larger than 550 kg m−3 were only observed for persistent-wet granules. For the slush experiment
(snowdensity of 951 kgm−3)waterwas addedafter persistent-wet granules had formed. Inmanyexperiments
with no persistent granulation, the density of the remaining ﬁne, ungranulated snow also reached values up
to 450 kg m−3. The error for the snow density measurements was around ±10 kg m−3.
A strong dependency of granulation on snow temperature could be observed (Figure 8). Once a temperature
of−1∘Cwas reached, granulationoccurred very fast (coloredmarkers in Figure 8).Multiple experiments below
the threshold of −1∘C were run for an extensive duration (more than 100 min), yet no persistent granules
could be observed (gray circles in Figure 8). The measurement error was in the range of the accuracy of the
used thermometer (0.1∘C).
Following the classiﬁcationof Fierz et al. [2009], water could neither be recognizedby eyenor bymagniﬁcation
for persistent-moist granules yet the snow showed a distinct tendency to stick together (Figure 9). Liquid
water was only observed for persistent-wet granules. Most experimentswith nonpersistent granules could be
observed for dry snow conditions. Even though many persistent-moist experiments were at or close to 0∘C,
they never reached thewet class. Persistent-wet granulation only occurred if the initial snowwas already wet
or water was added to the tumbler.
Figure 9. Snow moisture measurements for all individual experiments (gray lines) and time of each measurement (gray
and colored markers) for persistent-moist (colored squares) and persistent-wet (colored triangles) granules.
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Figure 10. Hardness measurements for all individual experiments (gray lines) and time of each measurement (gray and
colored markers) for persistent-moist (colored squares) and persistent-wet (colored triangles) granules.
Formost experimentswith persistent granules, the hardness (Figure 10) increased to pencil or knife [Fierz et al.,
2009] in a short time and the granules did not break apart anymore at this stage upon collision inside the
tumbler. In many cases persistent-wet granules were softer then persistent-moist granules. Less hard gran-
ules usually were not persistent and got destroyed by consequent rotations of the tumbler (see videos in the
supporting information).
No distinct correlation between grain size and granulation potential could be observed (Figure 11). Generally,
no large variations in grain size during the experiments could be observed. Persistent-wet granules showed
larger grain sizes since the initial snow in those cases contained mostly large melt forms.
Persistent-wet granules were only observed whenmelt forms were used as initial snow (Figure 12). No signif-
icant rounding or changing to melt forms due to friction of crystals could be observed. Decomposed forms
that were rapidly mechanically transformed to rounded grains were most eﬃcient to create persistent-moist
granules. However, melt forms also resulted in persistent-moist granules in some cases.
Out of all conducted tumbler experiments, four experiments developed no persistent granules (Figure 4a);
in 15 experiments, persistent-moist granules formed (Figure 4b); and in three experiments, persistent-wet
granules were observed (Figure 4c). For one experiment, liquid water was added to the tumbler to create a
Figure 11. Grain size measurements for all individual experiments (gray lines) and time of each measurement (gray and
colored markers) for persistent-moist (colored squares) and persistent-wet (colored triangles) granules.
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Figure 12. Grain type measurements for all individual experiments (gray lines) and time of each measurement (gray and
colored markers) for persistent-moist (colored squares) and persistent-wet (colored triangles) granules.
slushy ﬂow. The snow or granules that formed inside the tumbler are classiﬁed depending on their properties
and snow cover parameters.
The granulation process for persistent-moist granules was observed to take place in two stages. As soon as
the temperature threshold of−1∘Cwas reached, individual granules (Figure 13a) were observed to grow until
a size of approximately 1 to 4 cm. For most experiments, these initial granules also rapidly densiﬁed (Figure 7)
and increased inhardness (Figure10). In a second stage, these individual granules started to form larger aggre-
gates (Figure 13b). At the ﬁnal stage of granulation for moist experiments, a mixture of individual granules,
aggregates, and leftover ﬁne material existed inside the tumbler.
3.2. Numerical Results
The conductedDEMsimulations allow todiscuss thediﬀerent observedgranulation classes and relevant snow
parameters (section 3.1) in more detail with respect to the determining physical processes, i.e., aggregation
and fragmentation.
Figure 14 represents the average granule radius ⟨rg⟩ as a function of the two dimensionless numbers 𝜂a and 𝜂f
at the end of the simulation. The range of simulations allowed to observe average granule radii ranging from
almost zero (the particle radius rp = 2.25 × 10−3 mm) to the radius of the tumbler (R = 30 cm) corresponding
to one single large granule.
If the aggregation number 𝜂a is low, typically lower than 0.2, then only the fragmentation number has an
inﬂuence on the granules size distribution. In this case, the force required to create a new bond is too high
compared to the force due to pressure. Hence, the only possible process is the breakage of the existing bonds
due to possible dynamic collisions. In this regime (𝜂a < 0.2) and for 𝜂f > 1 (zone A) the average granule radius
Figure 13. (a) Persistent-moist granules at a very initial stage and (b) aggregates of multiple individual granules at the end of the experiment.
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Figure 14. Contour plot of the granule radius as a function of (top right) aggregation number 𝜂a and (left) frag-
mentation number 𝜂f showing the diﬀerent granulation regimes. Zone A: No granules, zone B: granules due to
breakage, zone C: persistent-moist granules, zone D: persistent-wet granules, zone E: slush (or pasty ﬂow), and zone
F: one large granule. The domain between the dashed lines corresponds to 0.75 < 𝜂a∕𝜂f < 3. The gray curved arrow
represents a qualitative path for the evolution of the breakage and formation numbers with increasing snow
temperature and liquid water content.
⟨rg⟩ is approximately equal to the particle radius rp. The bond strength is then not high enough to resist the
dynamic collisions imposed by the system and thus no granules persist. If the bond strength increases so that
the fragmentation number 𝜂f becomes smaller than 1 (zone B), then some more persistent granules appear.
The average granule radius therefore increases with increasing strength. Note also that for 𝜂f ≪ 0.5 (not
represented on the diagram), the cohesive bonds never break leading to one single and large granule whose
radius is a little bit lower than the tumbler radius (rg ≈ 28 cm).
For 𝜂a > 0.2, the evolution of the average granule size with 𝜂a and 𝜂f becomes more complex. For constant
values of the bond strength, the average granule radius ⟨rg⟩ increases with increasing aggregation number
𝜂a (Figure 14, top right) up to the tumbler radius. The rate of change of ⟨rg⟩ with 𝜂a is almost independent
of 𝜂f . The average granule size strongly depends on the fragmentation number 𝜂f , lower values correspond-
ing to lower granule sizes (Figure 14, left). Hence, for 𝜂a > 0.2 a competition between bond creation and
breakage determines the average granules size. Inside the zones delimited by dashed lines (corresponding to
0.75 < 𝜂f∕𝜂a < 3, zonesC andD) onFigure 14, the averagegranule size is a linear functionof the ratio between
the fragmentation number and the aggregation number:
⟨rg⟩ ≈ 20.5
(
𝜂a
𝜂f
)4∕3
(6)
If 𝜂a∕𝜂f < 0.75 then theaveragegranule radiusdependsonlyon the fragmentationnumber asdetailedbefore.
The diﬀerence between zones C and D is therefore linked to the strength of the granules, stronger in C and
weaker in D but leading to the same granule sizes. On the other hand, if 𝜂f∕𝜂a > 3 then the average granule
radius is equal to the tumbler radius which is the limiting size of the system. Hence, zone F corresponds to
a regime with a unique strong (low fragmentation number) and large granule whereas zone E corresponds
to a pasty-like ﬂow regime in which new bonds are created at each contact point every time step but whose
strength is very small.
In addition, the average number of bonds per particle inside a granule was also recorded and changed with
regard to the aggregation and fragmentation numbers. For high fragmentation 𝜂f and low aggregation 𝜂a
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Figure 15. Summary of experiments and discrete element simulations.
numbers (zone A), the average number of bond per particle is close to zero. For low fragmentation and aggre-
gation numbers (zone B), the average number of bonds per particle is around 2.7. In zone F (high aggregation
and low fragmentation), the average number of bonds per particle is around 4.6 whereas it is around 2.9 in
zone E (high aggregation and high fragmentation).
The model results were added to the experimentally deﬁned granulation classes in Figure 15. Videos of the
simulations are provided as supporting information for the four main granulation regimes (nonpersistent,
persistent-moist, persistent-wet, and slush).
3.3. Granule Size Distribution
Eventually, a stationary state is reachedwhere there is a balance between collisions, which fragment particles
and thosewhichaggregateparticles [Walker, 2007;Kapur, 1971]. At this point, a stablegranule sizedistribution
is attained.
Figure 16 compares the granule size distributions for two tumbler experiments, persistent-moist (violet ﬁlled
circles) and persistent-wet (green ﬁlled squares), the corresponding DEM simulations (violet and green lines)
and a distribution as observed in avalanche deposits (blue triangles) (see Steinkogler et al. [2014b], for more
information on the real-scale avalanches). Note that for the sake of the comparison with experiments, the
lowest valuesof granule sizeswere excluded to compute the sizedistribution. Indeed, experimentally, the very
ﬁne particles could not be measured. Hence, for size distributions obtained through the DEM, only granule
sizes larger than the smallest size observed experimentallywere retained explaining the sharp tail in Figure 16.
The granule size showed a typical log-normal distribution [Bartelt and McArdell, 2009], although with a shift
toward smaller granule sizes compared to real-scale avalanches and the DEM results are in good agreement
with the measurements.
4. Discussion
The presented approach (summary in Figure 15) suggests that granulation, as observed in natural avalanches,
can be reproduced and studied within concrete tumbler experiments and cohesive discrete element mod-
eling. In the following, we ﬁrst recap the main results (section 4.1) and discuss the aggregation process in
respect of dry (section 4.2) and wet cohesion (section 4.3). We then provide an interpretation of the observed
granule classes by combining experimental andmodeling ﬁndings (section 4.4). Finally, the limitations of our
experimental and model setup are addressed (section 4.5) and we turn to the application of our results and
discuss possible implications for ﬂow dynamics (section 4.6).
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Figure 16. Granule size distributions conducted for selected tumbler experiments, persistent-moist (violet ﬁlled circles)
and persistent-wet (green ﬁlled squares), DEM simulations (violet and green lines), and in the deposition area of an
artiﬁcially released avalanche (blue triangles). The “moist” DEM simulation corresponds to 𝜂f = 0.5 and 𝜂a = 0.3, while
the wet DEM simulation corresponds to 𝜂f = 1.15 and 𝜂a = 0.8.
The general mechanisms underlying the snow granulation process are well described in literature for other
examples [Iveson et al., 2001; Hapgood et al., 2007]. From the initial ensemble of constituent snow “particles,”
larger granules form and grow due to the presence of cohesive forces between the particles. The original,
ﬁne-grained snow (Figure 13a) aggregates upon collision of two or multiple granules which stick together
to form a single large granule (Figure 13b). Once formed, granules may consolidate during the collision by
mechanical compaction or may likewise fragment again if the overall strength of the granule is too small.
Overall, the emergence, stability, and size characteristics of the granule system is the result of a competition
between aggregation and fragmentation of snow particles upon collision.
4.1. Main Results
As a main experimental result we found that the emergence of granules occurs above a distinct temperature
threshold of−1∘C (Figure 8). Once this thresholdwas reachedwe observed an abrupt change and a transition
from nonpersistent to persistent granule types (Figure 15) while all other measured snow parameters, like
density and hardness, evolve in a continuous, monotonic manner. Although the densities are similar for all
cases (Figure 7), our results show that granules vary in strength which is used as amain classiﬁcation criterion
(Figure 15).
The high-speed videos (supporting information) allow for a qualitative interpretation of the strength of
the granules and are in agreement with multiple studies on breakage patterns of aggregates [Mishra and
Thornton, 2001]. The videos show that the granules are lifted and consequently collide with the outer wall of
the tumbler, other granules, or the blades after falling the entire diameter of the tumbler. Granule strengths
ranged from soft and nonpersistent, which fractured upon touching or particle collisions, to very hard and
persistent granules which even resisted the impact on the sharp side of the blades inside the tumbler.
Nonpersistent granules were usually destroyed and completely fragmented at every rotation of the tumbler.
Forpersistent-moist granules a localizeddisintegration [SuberoandGhadiri, 2001], i.e., thedamage is restricted
to the impact area, was observed. Those granules were only destroyed if they were dropped from 1 to 2m on
the concrete ﬂoor. In those cases they showed a semi-brittle behavior [Cheong et al., 2005], i.e., the fracture is
preceded by limited plastic deformation. Persistent-wet granules showed a ductile behavior. This indicates a
very diﬀerent energy dissipation depending on the granule type.
From amodeling perspective, we have set up a DEM and solely varied the probability of establishing a cohe-
sive bond (aggregation) and the strength of these (fragmentation) (Figure 14). In the followingwewill address
the expected role of temperature on the physical interactions in the real system and their translation to the
parameters of the DEM approach. Given a threshold of−1∘C and the additional introduction of water in some
cases, we are dealing with both types of forces, dry cohesive forces which are mediated by fast sintering pro-
cesses [Szabo and Schneebeli, 2007] and wet cohesive forces mediated by the presence of liquid bridges and
capillary eﬀects [Mitarai and Nori, 2006].
STEINKOGLER ET AL. GRANULATION OF SNOW 1120
Journal of Geophysical Research: Earth Surface 10.1002/2014JF003294
4.2. Dry Cohesion
For dry cohesion, fast sintering processes [Szabo and Schneebeli, 2007] are known to be temperature depen-
dent [Casassa et al., 1991]. The “pull-oﬀ” force of an ice-ice contact after a certain contact time shows a
monotonic increase with temperature. For dry cohesion alone, a temperature increase can be directly trans-
lated to a strong increase of the aggregation number and a decrease of the fragmentation number in the
simulations. Sintering becomes particularly fast, close to the melting point, potentially due to the onset of
surface melting and the emergence of a quasi-liquid layer [Dash et al., 2006]. We also observe a pronounced
eﬀect and the most distinct persistent-moist granulation close to 0∘C.
Concerning fragmentation in the dry case, Subero and Ghadiri [2001] noted that the fracture of aggregates
(Figure 13b) is more complicated than that of their homogeneous counterpart. The fracture of homogeneous
snow is yet not fully understood [Sigrist et al., 2005]. For aggregates, the strength is expected to dependon the
bonding mechanism as discussed by Mishra and Thornton [2001]. Indeed, the densiﬁcation during tumbler
rotation (Figure 7) plays a role, since fracture toughness of snow depends on density [McClung, 2009; Bazant
et al., 2003].Hapgood et al. [2007] observed that the extent of consolidation depends on the intensity of agita-
tion in the tumbler and resistance of the granule to deformation. This can also be observed in our experiments
as snow that was initially soft, e.g., hardness class one ﬁnger, granulated into consolidated granules with a
hardness of knife (Figure 10) and also rapidly densiﬁed (Figure 7). The increase of temperature should tend to
shift the mechanical behavior of the aggregates from brittle to ductile. The rate of the deformations should
be controlled by the typical velocities of the particles. Typical velocities are, in turn, controlled by the tumbler
frequency which is left constant in the present approach.
4.3. Wet Cohesion
Eﬀects of dry cohesion might be masked by capillary eﬀects close to the melting point. As soon as the snow
temperature reaches 0∘C, the amount of liquid water clearly dominates the formation and properties of the
granules. Note that we only measured liquid water content by traditional methods (Figure 9). Since the sys-
tem is not in thermal equilibrium, it is possible that small amounts of liquid water are present which are not
detected. Thus, capillary eﬀects may become important. In particular, for the class of persistent-wet granula-
tion (Figure 15), the presence of liquid water and capillary forces plays an important role. For thewet case, the
temperaturedependenceof the cohesion is diﬀerent fromthedry case. Theattractive forceof a single capillary
bridge of liquidwater will hardly be inﬂuenced by temperature, since the relevant parameter, namely, the sur-
face energy of water, shows only aweak temperature dependence in that regime [Pruppacher andKlett, 1997].
However, the temperature inﬂuences the amount of liquid water and thus the number of capillary bonds. The
snow granules then display the mechanical stability of a wet granular assembly, which is a nonmonotonic
function of water content [Mitarai andNori, 2006, and references therein]. Initially, the strength increases with
increasing water content and then sharply decreases. If the material becomes fully saturated, the strength
vanishes. Only the presence of small amounts of a wetting liquid, which is the case for our persistent-wet
regime, can dramatically change granule properties [Hornbaker et al., 1997; Schiﬀer, 2005; Nowak et al., 2005;
Mitarai and Nori, 2006].
4.4. Link Between Experiments and DEM Simulations
The DEM contains two diﬀerent dimensionless parameters, the aggregation and fragmentation number
(section 2.2), which mimic the main physical eﬀects of temperature and liquid water content on the granula-
tion. A newbond is created and twoparticles aggregate to a cluster, if the contact force between twoparticles
exceeds a threshold. This is controlled by the aggregation number. On the other hand, if the normal (or shear)
force exceeds the bond tensile (or shear) strength, the bond does not persist and the granule will fragment.
As a consequence, we ﬁnd that the experimentally observed granule classes (Figure 15) can be represented
by a “phase diagram” (Figure 14).
4.4.1. Nonpersistent Granules (Zone A)
In the experiment the snow was always below −1∘C and dry, and the formed nonpersistent granules easily
broke upon collisions. This resulted in a cohesionless granular ﬂow inside the tumbler. The DEM simulations
reproduced this behavior in zone A (Figure 14) where the formation of new bonds was not very likely, i.e., an
aggregation number 𝜂a <0.5 and the bond strength was too small to sustain the collisions imposed by the
system, i.e., fragmentation number 𝜂f >1.
In zone B granules were only the result of a breakage process (𝜂f1 and 𝜂a >0.5) which was not observed in
the tumbler experiments since in those cases the snow was already fragmented by the process of shoveling
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into the tumbler. Yet this is similar to observations in dry, cold avalanches where granular structures in the
deposits are remaining parts of the slab and the eroded snow cover.
4.4.2. Persistent-Moist Granules (Zone C)
As soon as the temperature threshold of −1∘C was reached and the snow was observed to be dry to moist,
hard granules formed which even resisted direct impacts on the mixing blades (see Movies S2 and S6). Szabo
andSchneebeli [2007] noted that the impact between two ice particles can cause the temporarymeltingof the
interfacial region, thus possibly explaining the threshold for granulation to be already at−1∘C. The DEM sim-
ulations (Figure 14) indicated that the fragmentation number 𝜂f needed to be smaller than 1, i.e., the granules
resist most collisions, and the aggregation number 𝜂a was between 0.2 and 1, i.e., allowing a slight growth, to
ultimately facilitate the formation of persistent-moist granules (zone C). It is worth noting that the measured
maximum snow densities, around 450 kg.m−3, were very similar to the ones observed in the deposition area
of real-scale avalanches [Sovilla et al., 2007]. This indicates that the formation of granules in general and the
observed maximum densities were deﬁned by the snow properties itself and not due to pressure or forces
inside an avalanche.
4.4.3. Persistent-Wet Granules (Zone D)
As the snow reached 0∘C and was observed to be wet to very wet the formed granules were softer and
deformed or broke upon impacts. The snow had a clear tendency to stick together, but the formed granules
often broke apart again. To obtain a persistent-wet granulation regime (zone D) with the DEM simulations,
the fragmentation number 𝜂f needed to be higher than 1, i.e., breakage through collisions occurred but due
to the large aggregation number (𝜂a around 1) new bonds were easily formed, ensuring large granule sizes
but at a lower strength than for persistent-moist granules (zone C).
4.4.4. Slush (Zone E)
The snow was at 0∘C and saturated with water. Instead of granules a pasty-like (viscous) ﬂow was observed.
In this case the aggregation number was very large, 𝜂a > 2, causing the particles to bond almost at every
time step. However, the fragmentation number being also large, 𝜂f > 1, these bonds immediately break again
leading to complex interactions and the observed pasty-like ﬂow.
Upon temperature increase and the associated increase of liquid water content, we expect to transit from a
cold and dry regime (zones A and B), to a persistent-moist regimewith amaximumgranule strength (zone C),
to a persistent-wet regime (zoneD), and ﬁnally to a slushy andwater saturated regime (zone E) with a very low
strength. This should correspond to a path in parameter space which is qualitatively represented by the gray
line in Figure 14. The abrupt transition fromnonpersistent to persistent granules observed in the experiments
at a certain temperature should roughly correspond to the sharp transition on that path when crossing the
phase boundary in 𝜂a − 𝜂f parameter space.
The geometry of the tumbler with the blades seem to be an unnecessary complication for the DEM approach,
which is clearly absent in real avalanches. The blades are required to promote granular mixing. The inclusion
of the geometry in the simulation is facilitated by the dimensional analysis of the DEM (section 2.2) which
allows to simulate realistic parameter regimes, even by explicitly including the geometry and blades in the
tumbler. This enables adirect comparisonof the simulationwith the experiments. Even though some relevant,
qualitative features of the granulation process are well captured by the DEM, some experimental and model
limitations must be acknowledged.
4.5. Limitations of Experimental and Modeling Setup
One of the main shortcomings of the experimental setup is the limited control of heat supply to the system.
This prevents us to detect a potential temperature increase by internal friction. An improved experimental
setup should envisage thermal insulation of the tumbler, potentially with a controlled heat ﬂux to vary the
temperature. Thereby, a temperature analysis should be able to indicate eﬀects from internal heating. When
approaching 0∘C, precise measurements of the liquid water content will be important to discern eﬀects of
liquid and dry cohesion in the granular system. An additional helpful modiﬁcation of the tumbler would be a
less “singular” geometry of the mixing elements to avoid the cutting impact of the blades on the granules.
While our experiments have thus far provided a broad overview about the inﬂuence of various quantities,
future experiments should focus on dedicated parameter studies. A crucial parameter which could be easily
varied is the tumbler frequency which inﬂuences collision rates, contact times and breakage probabilities.
To further constrain the parameters of themodel, the viscoelastic properties of the granules and the strength
of the bonds need to be known. A large body of experimental work on the static strength of liquid-bound
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granules [Iveson et al., 2001] already exists. These have been measured either by direct tensile tests or uni-
axial compression tests where the granule is assumed to fail due to tensile stress. Also, the mechanical
response of aggregates at high and low strain rates [Cheong et al., 2005] has not been investigated yet.
Schubert [1977] has described the diﬀerent methods available to measure the strength of moist aggregates.
There are two main parameters of interest that are usually reported: peak yield stress and the maximum
strain before brittle failure. At least bounds on mechanical properties could be easily obtained by including
mechanical tests of the snow before and after granule formation at the beginning and end of the experiment
[Scapozza and Bartelt, 2003].
On the modeling side, the process of granule growth in the simulation always starts from aggregating con-
stituent particles. The initial particles with size (d = 4.5 mm) must be already regarded as small granules
(Figure 13). Using smaller sizes of <1 mm, similar to realistic snow grains, would however require consid-
erable computational eﬀort. So the eﬀect of using diﬀerent initial conditions in the simulation remains to
be addressed in the future. Furthermore, the time and pressure dependence of the sintering force and the
strength as observed in Szabo and Schneebeli [2007] and Podolskiy et al. [2014] which might induce com-
paction eﬀects are not accounted for in our model but might aﬀect the persistency and the strength of the
granules due toprogressive consolidation. However, densiﬁcation and compaction eﬀects are observed in the
model results as highlighted (see section 3.2) by the increasing number of bonds per particle inside a granule
[Louge et al., 2011] with increasing aggregation and decreasing fragmentation numbers.
Being aware of the present limitations of the approach, the observed diﬀerences in the properties of non-
persistent and persistent granules are of relevance for ﬂow dynamics since the macroscopic behavior of a
granular material is determined by the nature of the interactions between the grains [Andreotti et al., 2013].
4.6. Implications for Flow Dynamics
Granulation can inﬂuenceﬂowdynamics in twopossibleways: by changing the size distributionof the ﬂowing
particles [Pouliquen, 1999] and by a change of their properties [Rognon et al., 2008a; Alexander et al., 2006].
Multiple studies [Moro et al., 2010; Phillips et al., 2006; Andreotti et al., 2013] show that the size distribution can
fundamentally aﬀect the ﬂow dynamics. Our results show that the granule size distribution is determined by
snow cover properties. For avalanches consisting of cold snow, i.e.,<−1∘C, a ﬁne-grained structure with non-
persistent granules can be expected. Even though granular structures are often observed in the deposit of
avalanches in this temperature range [Bartelt and McArdell, 2009], these granules are likely to be fragments
of the released or eroded snow cover (Figure 1). Furthermore, these observations are only performed on
top of the surface of the deposits and only represent 10–20% of the overall ﬂowing mass.
On the contrary, we expect that avalanches consisting of warm snow, i.e., >−1∘C and possibly containing
liquid water, to consist entirely of persistent granules. Kobayashi et al. [2000] noted that the particle size dis-
tribution of snowballs in dry granulation was wider than that in wet agglomeration. This was also found in
our study, since both tumbler experiments and DEM simulations showed fewer but much larger granules
for persistent-wet experiments than for persistent-moist granules. Further, our results also suggest that in
real-scale avalanches segregation processes and the resulting levée/channel morphology [Bartelt et al., 2012]
in the deposition zone are processes which are mostly relevant for avalanches where the snow temperature
is above −1∘C.
The properties of the granules also signiﬁcantly inﬂuence ﬂow dynamics and deﬁne the ﬂow regime of
avalanches, e.g., whether a plug or a sheared ﬂow forms. In real-scale avalanches, these two ﬂow regimes
are found in warm and cold avalanches, respectively [Kern et al., 2010; Sovilla et al., 2008]. Full-scale warm
snow avalanches measured at the Vallée de la Sionne ﬁeld site in the Western Swiss Alps [Sovilla et al., 2008]
are characterized by plug ﬂow of several meters in depth and slide over a thin basal layer of snow grains.
Our experiments suggest that the large values of cohesion and sintering acting inside and between granules
when the snow temperature exceeds−1∘C enhance the resistance of particle to shear in analogy to granular
experiments by Rognon et al. [2008a]. In contrast, dry and cold avalanches, which are expected to consist of
nonpersistent granules, ﬁne grainswithout cohesion, and/or remaining fragments of the released and eroded
snow cover, typically develop a sheared ﬂow.
Moreover, the diﬀerent granular structures betweenwet anddry-snowdense avalanchesmay also explain the
signiﬁcantly diﬀerent pressures measured in the two ﬂow typologies [Sovilla et al., 2010; Baroudi et al., 2011].
Recently, it has been postulated that the pressure exerted by a wet-snow avalanche can be attributed to the
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formation and collapse of force-chain structures forming when the avalanche interact against an obstacle.
Our results indicate that these chains seem to bemore developed and persistent when the snow temperature
rises above −1∘C and persistent granules form.
5. Conclusions
The granular properties, i.e., the size distribution and mechanical properties, signiﬁcantly inﬂuence the ﬂow
dynamics of avalanches. It is therefore necessary to identify the determining factorswhich deﬁne the granula-
tion process of snow. In this study we present a simple but promising experimental setup, alongwith discrete
element simulations that successfully reproduced the diﬀerent granule classes observed in the experiments
and conclude the following:
1. Granulation of snow is highly temperature dependent with a snow temperature threshold at −1∘C. Below
this temperaturenopersistent granuleswereobserved. If the snow temperature exceeded−1∘Cgranulation
occurred very fast and was most eﬀective for new snow or decomposed forms close to 0∘C.
2. Persistent granules can be further diﬀerentiated into moist or wet granules. These two (persistent) granule
types showed signiﬁcantly diﬀerent mechanical properties upon collision.
3. Granulation is mostly relevant for snow with a temperature warmer than −1∘C and therefore for warm or
wet avalanches. At lower temperatures the potential for the formation of persistent granules is very low.
Therefore, granular structures as often observed (at the surface) in the deposition zone of cold avalanches
are more likely to be fragments of the released or eroded snow cover.
4. DEM Simulations allowed to better characterize the underlying processes of granulation by means of
agglomeration and fragmentation propensity.
5. The presented modeling approach provides a ﬁrst step toward more complex and real-scale modeling of
ﬂowing cohesive snow with varying properties.
6. A quantiﬁcation to which extent granulation and thus the granule size distribution depends on snow
temperature is possible.
To gain a better understanding and link the eﬀect of the snow cover on ﬂow dynamics, further interdisci-
plinary research is necessary. The main challenge will be to accurately deﬁne the linking processes between
the microscopic (crystal) scale, e.g., sintering, the mesoscopic scale, e.g., energy dissipation during granule
interaction, and themacroscopic scale, e.g., ﬂowdynamics. To accuratelymodel snow avalanches for diﬀerent
snow temperatures and consequently diﬀerent ﬂow dynamics [Vera et al., 2012], it is necessary to reproduce
the temperature-dependent granule size distribution as well as possible. Model calculations as shown in
section 2.2 represent a ﬁrst approach in this direction.
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